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In this note, we summarize the possible effects of plasma formation during beam propagation
through the gas-filled pressurized RF cavity. To mitigate detrimental effects, use of a dopant gas
with high electron attachment rate has been discussed.

I. INTRODUCTION

Ionization cooling is the critical building block for the
realization of a neutrino factory and a muon collider, be-
cause only this cooling scheme can reduce the emittance
of the intense muon beam fast enough compared to the
short muon lifetime [1-3]. Recently, the idea of using
high-pressure hydrogen gas as an energy absorber has
been proposed [4]. In particular, when RF cavities are
pressurized, there are two unique advantages. First, the
momentum loss (both in the transverse and longitudinal
directions) and the momentum regain (only in the lon-
gitudinal direction) happen simultaneously rather than
sequentially. Second, higher accelerating field gradient
and better breakdown suppression are possible due to
the Paschen effect.

Initial experiments of High-Pressure RF (HPRF) cav-
ity in the absence of the beam have demonstrated that
higher field gradients are possible compared to the case of
the conventional evacuated cavities [4]. When an intense
beam is present, however, several factors associated with
the plasma formation may limit the performance of the
HPRF cavity [5]. To demonstrate the feasibility of using
HPRF cavities in the actual cooling channel, a beam test
is planned in the MuCool Test Area (MTA) of Fermilab
in early 2009. Since an intense muon beam is not avail-
able, a proposed beam test will use proton beam injected
from the linac.

In this note, we will discuss several physics issues asso-
ciated with the formation of the plasma column induced
by the beam and possible mitigation methods for them.

II. IONIZATION COOLING

The equation describing the rate of change of the nor-
malized transverse emittance ¢, within the absorber is
given by the balance between the energy-loss cooling
(first term) and the multiple-scattering heating (second
term) effects [1-3]:
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Here, E = ymyc? is the beam particle energy, F, is the
characteristic scattering energy, dE/ds = pdE/dx is the
mean rate of energy loss (or stopping power), Lg is the
radiation length of the absorber medium, 5, (= 8, = 8y)

is the transverse beta-function of the magnetic chan-
nel, and 8 = v/c and v = (1 — $%)~/2 are the usual
relativistic factors. The normalized emittance ¢, is re-
lated to the geometric rms emittance €, (= €; = €,) by
€n = €1 (07v) and the transverse beam size is given by

(%) = /({¥?) = (eLBL)V>

A. Energy-loss cooling

The energy lost by a beam particle with atomic number
z as it propagates through a medium is given by the
Bethe-Bloch equation [6],
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Here, K = 0.3071 MeV g~ l'ecm?, Z/A is the ratio of
atomic number to weight, p is the mass density of the
medium in g/cm?, I is the mean excitation energy in eV.
Tinax is the maximum kinetic energy which can be trans-
ferred to a free electron in a single collision, which is ap-
proximated as Thax ~ 2mec?32~? in the low-energy ap-
proximation, and ¢ is the density effect correction which
is small at low energy. For the beam test of a HPRF cav-
ity experiment, the kinetic energy of the proton beam in-
side the cavity is estimated to be T' &~ 200 MeV [7], which
yields the stopping power of dE/dx ~ 10 MeV cm?/g in
the molecular hydrogen (see Fig. 1). Note that when
O(dE/dx)/0T < 0, lower energy particle loses more en-
ergy than higher energy particles, increasing the longitu-
dinal energy spread.

B. Multiple-scattering heating

The rms scattering angle can be given in terms of the
radiation length Ly [8]:
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where As is the thickness of material. In the limit of
small angle, 26% . = (62) ~ A(z?), where the factor
% comes from the projection of the deflection angle into
the x — s plane. The radiation length Ly is a function of

scattering material given by
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FIG. 1: Stopping power for protons in molecular hydrogen
[6]. During passing through the thick (~5 cm) cavity wall,
electrons are stripped off from the initial H~ beam and re-
sultant proton beam slows down from 7" ~ 400 to 200 MeV,
which is slightly lower than minimum ionization.

Since, the rms emittance is e, = /(2?) (2/?) = (2?) 81
at a beam waist, the increase in the rms emittance during
the transit of As around the beam waist is approximated
as

AEJ_ = ﬂJ_A <.’17/2> = %agms (5)
Hence, we have
As 2 As 2 pYE2LpR’

which corresponds to the second term of the Eq. (1).
Note that emittance increase from multiple-scattering de-
pends on beam size.

III. PLASMA FORMATION
A. Beam-impact ionization

During propagation through a gas, the incident beam
undergoes ionizing collisions with neutral gas molecules
(as intended for ionization cooling). For the ionization
of hydrogen molecules by fast proton impact, single-
ionization is dominant [10].

p+Hy —p+Hf +e” (7)

Most of the energy lost by protons through collisions goes
into ionization, which leads to the build up of an elec-
tron/ion plasma in the volume of the beam path.

The electrons ejected from the primary ionization can
have enough energy (larger than the ionization poten-
tial F; of the gas) to further ionize, producing secondary

electron/ion pairs through following processes:

e” +Hy — Hj + 2~ (8)

e” +Hy — H+H" 4+ 2 (9)

Normally, the dissociative ionization (9) is much smaller
than the ionization (8) [11], and n. =~ Ny to good ap-
proximation. The total electron line density after one
micropulse (~ 10° protons) of the beam passes through
the cavity is conveniently expressed by

s pdE/dx

N = nenri = T 10°, (10)

where r, = /2 (224 y?) is the radius of a uniform-
density beam, and W; is the effective average energy to
produce an electron/ion pair. Because some energy loss
goes to just molecule excitation, the W;-value is typically
about twice larger than the ionization potential E;. The
mass density of the hydrogen gas can be expressed in
terms of the pressure as p[g/cm3] = 5.6 x 10~ %p[psi| for
Troom = 300 K.

For the analysis of electron evolution at the macropulse
time scale, we define the average electron source term as

NL /WT%

S [em™3s7!] &~ AL (11)
P

Note that, in fact, micropulse duration (~ 0.13 ns) is
much shorter than the micropulse spacing (At, = 5 ns).

B. Production of energetic electrons (§ rays)

During beam-impact ionization, the ejected electron
can have a kinetic energy up to the maximum allowed
Thax- The distribution of electrons with kinetic energy
T is approximately given by [12]
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Integration of Eq. (12) yields an expression for the num-
ber of electrons ejected at a kinetic energy larger than or
equal to T as [12]

N(T > Ty) ~
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Before completely slowing down through elastic and
inelastic collisions with background gas molecules, ener-
getic electrons will cover a certain distance in the gas.
An approximate expression for the practical range (the
effective distance including the randomizing effect of the
multiple collisions) as a function of electron kinetic en-
ergy up to a few hundred keV is [12]

Rylem] ~ 22 % 0.71 x (T[MeV])'/p. (14)



Material Z A < Z/A>

I [eV] Wi [eV] Ei [eV] Xo [g cm™?]

H> 1 1.00794 0.99212

19.2 37 15.42 63.04

TABLE I: Atomic properties of molecular hydrogen [6, 9] used in this note.
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FIG. 2: Number of energetic electrons ejected with T > T
(left) and practical range of electrons (right) in molecular hy-
drogen. Here, we set p = 500 psi and As = 3 cm.

When R, ~ 1 cm, we expect energetic electrons to hit the
cavity wall and have some noticeable effects (for example,
secondary electron emission). Nonetheless, from Fig. 2,
we note that only one out of ten protons ejects a 40 keV
electron that has R, ~ 1 cm.

C. Electron thermalization

For the nominal operating conditions of the HPRF cav-
ity (f = w/27 =~ 805 MHz), ions can be assumed to be
immobile. On the other hand, electrons not only interact
with the external RF field, but also suffer collisions with
background gas molecules. The total electron-neutral
collision frequency for momentum transfer is approxi-
mately given v, ~ 4.4 x 10%[torr] ~ 2.3 x 10*!p[psi]
for 4 < E/p < 30 and Tyoom = 300 K [13, 14], and the
response of plasma electrons to the external RF field is
described by conductivity:

nee? an WV,

o= —i . (15)

MeVp, | VZ, + w? V2, + w?

A typical axial drift motion of an electron in the RF
field in the limit of very high frequency collisions is il-
lustrated in Fig. 3, together with the micropulse dura-
tion and spacing. The maximum axial displacement is
2o ~ eEy/(Mevpmw).

The real component of the plasma conductivity (15)
leads to the resistive heating of electrons, and the average
power transferred from RF field through collisions can be
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FIG. 3: Illustrative example of axial drift motion of an elec-
tron in RF field in the limit of very high frequent collisions.
The displacement is shifted in phase (= 7/2) relative to the
field.

written as
nee?E?
P.= ——mms 16
c me (y’gn + wz) Vm7 ( )
where E2 = E2/2 is the rms electric field. The balance

of electron thermal energy e is made up of gaining energy
from the field and transferring it to the gas molecules
(elastic or inelastic):

de [ P,

% = — 5EE:| VUm, (17)

NeVm

where 6. is the fractional energy loss. During slowing
down in the energy range below the ionization potential,
electrons mostly dissipate energy by exciting the vibra-
tional and rotational energy levels of molecular hydro-
gen. In this case, §. = (2me/mm,) ~ 10 x (2m./mmu,)
[15]. The time required for the electrons to reach a new
equilibrium is approximately given by 7. &~ 1/d.v,, and
the final equilibrium energy is approximated for v, > w
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FIG. 4: Equilibrium energy of electrons in the hydrogen
molecules as a function of Fims/p estimated by Heylen [16]
(red), Brown [17] (green), and Raizer [14] (blue).
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If 4. and v, are independent of energy, we obtain €
(Erms/p)?. More accurately, the equilibrium energy is
determined from experiments as a function of a com-
bined parameter, E,ns/p (see Fig. 4). When RF is off
(Erms — 0), electrons are thermalized and acquire the
gas temperature Tyoom within a short time period 7.

IV. POSSIBLE PLASMA EFFECTS
A. Breakdown

Breakdown is a threshold process, which is a conse-
quence of the steep dependence of the ionization rate on
Eims/p (see Figs. 4 and 5). In equilibrium, molecules
are ionized by high-energy electrons in the tail of the
Maxwellian distribution, and the ionization rate is given
by [14]

8T, \ /2 E;
= (o) = O} E; + 2T, ]
k; = (o;v) CZ(Wme> (E; + e)exp( Te>’

19)

where C; = 0.59 x 10~7cm? /eV for a hydrogen molecule.
When the ionization rate exceeds the electron removal
rate, an electron avalanche will develop and eventually
shunt the RF cavity. A simplified rate equation for the
electron density with possible electron removal processes
can be written as

dn.
dt

=S5+ (kz - kDA)anne - 57"”2 (20)

- Fnea
where S is a source term (from beam-impact ionization),
kpa is the rate coefficient for dissociative attachment
(DA) to background hydrogen molecules, G, is a recom-
bination coefficient, and D and A are diffusion coefficient
and length respectively.
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FIG. 5: Ionization rate coefficient as a function of average
electron energy.

At high pressure, diffusion is often negligible and re-
combination is slow compared to other processes. Only
dissociative attachment,

e +Hy — H4+H, (21)

can be a possible mechanism for impeding breakdown
in short time scale [14]. Hence, the condition for elec-
tron avalanche can be expressed as k; > kpa or in terms
of a threshold value (Eyms/p)t a8 Eyms/P > (Erms/D)ts
where k;[(Erms/D)s] = kpa[(Frms/p)t]. Note that even if
k; < kpa, there will be a linear increase of the elec-
tron density due to the source term. Since only the
lowest vibrational level (v = 0) of the ground elec-
tronic state of Hs is populated at room temperature
(Troom = 300 K), the rate of this process is typically less
than kpa ~ 1071 cm3s~! [18, 19]. Hence, from Figs. 4
and 5, we expect that only if Fyns/p > 10 V/em/torr,
then € > 2 eV, k; > kpa, and breakdown can be trig-
gered.

On the other hand, the electron attachment rate is
known to increase dramatically with increasing vibra-
tional energy. For example, the rate coefficient ap-
proaches to the maximum value of kps ~ 1078 cm3s™!
for excited vibrational levels around v = 9 [18, 19].
Nonetheless, the average energy deposited from one pro-
ton micropulse to a hydrogen molecule is only AE ~
10° x (pdE/dzx)/(nu,7r?) ~ 1078 eV, and the heating
effect of a hydrogen molecule by collisions with electrons
during one RF cycle is only AE ~ (e2E2,./m.v2) x
(Um/f) X (ne/nm,) ~ 1077 eV. Therefore, vibrational
excitation (AE > 0.1 e¢V) is expected to be limited for
typical HPRF experiment conditions. To obtain disso-
ciative attachment that is effective in removing electrons,
one might consider exciting the higher vibrational states
by an infrared laser irradiation [20].

B. Decrease in quality factor

In the absence of breakdown, dissociative recombina-
tion is the dominant mechanism for bulk removal of elec-
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FIG. 6: Dissociative recombination rate coefficient as a func-
tion of average electron energy [21, 22].

trons in a weakly ionized plasma where molecular ions
are abundant [14].

e” +Hf — Hn=1)+H1n>1) (22)

Recombination does not greatly influence the breakdown
threshold. The fate of an avalanche (whether it will grow
or die out) is decided at its early stage, in which the num-
ber of electron/ion pairs is so small that recombination
has a very low probability (note that the recombination
rate is proportional to the electron density squared). On
the other hand, recombination can finalize the electron
density level reached by beam-impact ionization during
the propagation of macropulse (many short micropulses)
in the microsecond to millisecond range. The electron
density evolution during the macropulse is determined
by [23]

d
i =5 Bt (23)
which results in
_ o—2VSBt
Ny = S (loe VP (24)
N

Note that for 3, — 0, n, = St and for t — 0o, n, =
\/S/B,. The recombination time scale is estimated to be
(SB,)"Y% ~ 1 psec for B, ~ 10~%cm?s~! and p = 1000
psi.

Even though the plasma density is expected to be sat-
urated somehow in the absence of breakdown, the locally
accumulated plasma will eventually degrade the perfor-
mance of the RF cavity. When the cavity is filled with
a plasma of complex conductivity [Eq. (15)], the imagi-
nary part causes the shift in the resonance frequency wy
and the real part the decrease in the @) value. They are
given by Slater’s perturbation equations [24]:

Awo 1 <TLE>
2 = 2
wo 14 (Um/wo)? ne (25)
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FIG. 7: Examples of electron density evolution over many mi-
cropulses without (red) and with (blue) recombination. Here,

we pick the parameters to £, ~ 10 8cm3®s™!, r, ~ 1 cm,
p = 1000 psi.
A <1> _ (Vim/wo) - <ne>7 (26)
Q 1 + (Vm/w()) Ne
where

B fV neEg(r, 2)dV

" B 0

and n. = eymewi/e? is the critical density. Here, we
assume that the plasma is highly collisional (wge =
nee?/eom. < v2, and w} < v2,) that the electron current
is small compared to the displacement current, and the
electric field is altered only slightly from the initial spatial
distribution Fy(r, z). Equation (27) indicates that the ef-
fect accumulated electrons is large at places where Ey is
large. If the plasma consists of a small radius uniform
column (r & ry), much smaller than the cavity radius

R., we can approximate

2
w b
ER2

(ne) =~ ne

(28)

where the geometric factor £ is calculated to be 0.2695 for
the case of a simple pill box cavity. The plasma column
may be looked upon as a lumped admittance, shunting
the cavity. Since the change in the resonance frequency
is of the order of ~ (wop/vy,)? < 1, the dominant effect
of this plasma column will be the decrease in the loaded
@, Q1. Combining Eqgs. (26) and (28), we can estimate
the change in the @, of the cavity according to the prop-
agation of the macropulse. As is apparent in Fig. 8, if
the plasma is not removed properly, we expect a signifi-
cant reduction in the quality factor within a few tens of
micropulses.

In calculating Eq. (26), we have assumed that the col-
lision frequency is linearly proportional to the pressure
and independent of the applied RF electric field. This
assumption is not valid for high collisional regime as dis-
cussed in Appendix A.
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FIG. 8: Decreases in Q1 over many micropulses are plotted
without (blue straight line) and with (red dotted line) cor-
rection for low values of Ey/p. Here, we assume Qr = 6000
initially, p = 1000 psi, and Fo/p ~ 1 V/cm/torr.

C. Enhanced multiple scattering

When a beam ion collides with a background neutral
gas, no force is felt until the beam ion is close to the
gas molecule, on the scale of atomic dimensions. If the
incident beam ion doesn’t approach within atomic dimen-
sions, then the nucleus of the gas molecule is shielded by
its bound electrons [25]. When a plasma column is cre-
ated along the beam path, however, scattering through
the plasma column may extend the range of Coulomb in-
teractions. In particular, there is a possibility that small-
angle long-range Coulomb scattering between beam ions
and background molecular ions could increase the deflec-
tion of the beam ion velocity vector [26]. Note that col-
lisions between beam ions and plasma electrons will not
contribute to the deflection due to the large mass ratio,
my/me > 1. For n; = Nyt R Ne and m; = 2my, the
scattering angle can be approximated as [26, 27]

(62); ~

Here, In A is the Coulomb logarithm [25, 27]. By com-
paring Eqs. (3) and (29), we have the following ordering:

(62),

iy~ O (72;2) < 1. (30)

Hence, the contribution of the plasma to the multiple
scattering is negligible.

From Eqgs. (4) and (29), we note that enhanced mul-
tiple scattering can be an issue when high-Z impurities
are accumulated inside the cavity (for example, when too
much dopant gas is applied).

niz?Z2e*
W In A X AS. (29)

V. MITIGATION OF PLASMA EFFECTS
USING A DOPANT GAS

When plasma electrons are accumulated, the perfor-
mance of the RF cavity will be degraded considerably.

In order to remove plasma electrons, use of a dopant gas
with high electron attachment cross section has been pro-
posed. Here, we consider SF¢ (sulphur hexafluoride) and
c-C4Fg (perfluorocyclobutane).

With a dopant gas, the average lifetime of a beam-
induced electron is determined by the sum of the time
needed for the electron to be thermalized to an en-
ergy level at which attachment becomes significant, 7. ~
1/(0cvpm), plus the average time required before the elec-
tron is then captured, 7, ~ 1/(k,ang) [23]. Here, k,
is the electron attachment rate coefficient (see Fig. 9),
Q = Ndop/Ng = Pdop/p is the partial fraction of dopant
in the gas mixture, and ny[cm ™3] = 1.7 x 10*8p[psi] for
Troom = 300 K. If 7. + 7, < At,, then the equilibrium
electron density is approximately given by

ne = S(7e + 74). (31)

When 7. + 7, > At,, the dopant gas cannot fully re-
move the electrons before next micropulse comes. The
minimum effective dopant fraction is, for example, a ~
0.0006% for p = 1000 psi. Once the dopant fraction
is high enough that the attachment time is compara-
ble to the energy equilibration time, little further ben-
efit is obtained by increasing « [23]. Hence, the maxi-
mum effective dopant fraction can be estimated by set-
ting 7. ~ 7,, which results in a & v, /kong ~ 4% for
Je &= 10 X (2me/mp, ). Figure 10 shows, indeed, the equi-
librium electron density can be reduced by more than
two orders of magnitude with a dopant fraction of < 1%.
Since Z = 70 for SFg and Z = 96 for ¢-C4Fg, too much
dopant fraction will cause enhanced beam-impact ioniza-
tion and multiple scattering with the dopant gas.

For most dopant gases, the probability of electron cap-
ture drops to zero for high energy electrons. For SFg, the
upper energy limit is as low as 0.4 eV, while ¢-C4Fg has
finite attachment cross section at up to 1 eV (see Fig. 9).
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FIG. 9: Electron attachment cross section as a function of
electron energy (left), and electron attachment rate coeffi-
cient as a function of average electron energy of Maxwellian
distribution (right) for dopant gases, c-C4Fg and SFs.
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FIG. 10: Equilibrium electron density as a function of dopant
fraction for k, = 2 x 10 8cm®s™* and 6. ~ 10 x (2m./mu,).

VI. SUMMARY AND CONCLUSION

The beam test planned for the HPRF cavity at Fermi-
lab will be an important milestone for the future direction
of ionization cooling channel development. One concern
is the possible accumulation of plasma induced by beam-
impact ionization. Since recombination and dissociative
attachment are quite slow, the plasma is expected to be
locally accumulated over the macropulse duration and
absorb a considerable amount of RF power. To mitigate
this effect, use of a small fraction of dopant gas has been
discussed.

APPENDIX A: MOBILITY

Even though the linear relation v, « p is convenient
for theoretical analysis, it is no longer accurate when
E/p < 4 [14]. Tollestrup [5] shows that energy loss by
the electron plasma can be more accurately calculated in
terms of the mobility p for high collisional regime where
an electron behaves as it would in a DC electric field.
The mobility relates drift velocity vy and RF electric
field E(t) = Epsin(wt) as vg = pE(t). Using the em-
pirical equation obtained by Heylen [16], we can rewrite
the drift velocity as

vglcm/s] &~ 100 (:;e)lﬂ X fi (i) , (A1)

where E/p is given in Vem™'torr~! and a parameterized
function [ is given for 0.1 < E/p < 100 by

—1.75

0.71 —0.53
f=1.72x10"2 [1 —2.4 %1072 (E) ] <E>
p p

(A2)
On the other hand, when the collision frequency for
momentum transfer is approximately given as v, =
4.4 x 10%p[torr] [13, 14], the drift velocity becomes

e e E
valem/s] = S E N 109 < <p> - (A3)

Here, E/p is again given in Vem~!torr~—!. Comparison

between the two drift velocity calculations is shown in
Fig. 11.
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FIG. 11: Drift velocity of electrons in hydrogen molecules is
plotted as a function of E/p either using Eq. (A1) (red dotted
line) or Eq. (A3) (blue straight line).

The energy loss/cycle in a unit volume of the plasma
is calculated as

Te

27w
= o /0 va(t) x eE(t)dt,

which is equivalent to Eq. (16) when Eq. (A3) is used
for calculating v4. To calculate the energy loss accurately
at low E/p regime while taking advantage of simple an-
alytical description using collision frequency, we define a
dimensionless parameter x(Fy/p), which is the ratio of
the energy loss calculated using Eq. (Al) to Eq. (A3).
The factor y represents the modification in energy loss
calculation due to the nonlinearly in the relation between
vq and E/p. For the typical muon cooling channel pa-
rameters of Fg = 16 MV /m and p = 200 atm ~ 3000 psi,
we have Ey/p ~ 1 Vem™'torr~! and y ~ 3.

(A4)
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FIG. 12: Ratio of energy loss calculated using Eq. (Al) to
energy loss calculated using Eq. (A3).

APPENDIX B: APPLICATION TO THE MUON
COLLIDER BEAM

The final goal of the HPRF cavity experiment is to test
the feasibility of using the gas-filled cavity in the actual



muon cooling system such as Helical Cooling Channel
(HCC) [29]. One of the important figure of merit is the
cavity degradation effect from the accumulated electrons,
which scales as

1 N, dE
A (Q) x XymL XX g X (particles per bunch). (B1)

Here, x is the dimensionless parameter defined in Ap-
pendix A. Since dE/dx ~ 4 MeVem?/g for minimum
ionizing muons, and x ~ 3 for typical HCC operation,
we found that a single bunch with ~ 10° protons with
dE/dx ~ 10 MeVem? /g and Ey/p ~ 1 in the HPRF is
equivalent to ~ 2.5 x 10 minimum ionizing muons. Due
to the recombination process, there is no significant accu-
mulation of beam-induced electrons after 300 micropulses
(see Fig. 7). Hence, the maximum muon beam inten-
sity that the HPRF can test is about ~ 7.5 x 10! or
~ 4.7 x 10*° /bunch for 16 bunches.

APPENDIX C: BEAM-IMPACT IONIZATION
CROSS SECTION

The number of beam induced electrons can also be
estimated using the ionization cross section for proton

beam in hydrogen gas, which is given by [28]

oplem?®] ~ 1.3 x 1072°872 [In (1.9 x 10°4%+?) — %] .
(C1)
The electron line density accumulated after one mi-
cropulse (~ 10 protons) of the beam passes through the
cavity is then

Np = nenry = oyng, x 10°.

(C2)

If we compare this number with the previous calculation
using the stopping power [Eq. (10)], we note that

OpNH,

1
p(dE /dz) /Wi ~ 2 (C3)

This is because the production of the secondary elec-
tron/ion pairs due to the ejected electrons is not included
in Eq. (C2).
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